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Maitotoxin (MTX), a potent polyether marine biotoxin, induces Ca2+ entry in different mammalian
cells by activation of Ca2+ channels. The identity and modulation of the MTX-activated Ca2+ entry
pathway is not known. In this work, we show, for the ﬁrst time, that glucose and lactate can mod-
ulate the excitability of spermatogenic cell MTX-activated Ca2+ channels. Physiological and pharma-
cological evidences indicate that glucose and lactate differentially affect MTX-activated Ca2+ entry
mainly through changes that these substrates induce on intracellular Ca2+ stores and the concentra-
tion of intracellular Ca2+ ([Ca2+]i) in spermatogenic cells. Our ﬁndings strongly suggest that MTX-
activated Ca2+ channels in spermatogenic cells can be regulated by a Ca2+-CaM-dependent protein
kinase.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction prompted this study. It is known that glucose and lactate can mod-Maitotoxin (MTX), a polyether marine biotoxin, induces Ca2+ en-
try in different mammalian cells [1–10]. MTX does not activate Ca2+
entry ionophoretically, as tested in phospholipid bilayers andmito-
chondria, but most likely interacts with plasmamembrane proteins
leading to activation of endogenous cationic channels [9,11]. The
identity of the MTX-sensitive channels has not been completely
established and the available data suggest several candidates that
include voltage dependent Ca2+ channels (VDCC) and non-speciﬁc
cationic channels (see [12] for a review; [1,2,5,7]). Alternatively,
MTx has been proposed to bind to the plasmamembrane Ca2+ pump
and convert it into a non-selective Ca2+ channel [13]. TRPC-1 chan-
nels were shown to be one of the likely targets for MTX [14]. Rodent
spermatogenic cells express several TRPC channels including TRPC-
1 [15], and as described by Treviño et al. [11], these cells respond
with a robust increase in [Ca2+]i to the addition MTX to the media,
presenting awell deﬁneddose-response curvewith aK½of 0.45 nM.
Preliminary observations showing that MTX was able to induce
a robust entry of Ca2+ in spermatogenic cells when incubated in
media containing glucose but not in media containing lactatechemical Societies. Published by E
gin; ICaS, intracellular Ca2+
ide; CaM, calmodulin; TFP,
aldehyde 3-P dehydrogenase
ica, Casilla 4059, Valparaíso,ulate intracellular ATP levels, [Ca2+]i and intracellular pH (pHi) in
pachytene spermatocytes and round spermatids [16–21]. How-
ever, nothing was known about the functional consequences that
these lactate/glucose effects could have on these cells. Thus, we
underwent the present study to understand the mechanisms by
which glucose was able to condition the MTX-sensitive channels
in spermatogenic cells. For that purpose, intracellular ATP levels,
[Ca2+]i and pHi in pachytene spermatocytes and round spermatids
were modiﬁed with the use of pharmacological tools and different
glucose concentrations in the medium. In this work, we show, for
the ﬁrst time, that glucose and lactate can modulate the excitabil-
ity of germinal cell Ca2+ channels, speciﬁcally, the MTX-activated
Ca2+ channels. Physiological and pharmacological evidences pre-
sented here indicate that glucose and lactate differentially affect
MTX-activated Ca2+ channels mainly through changes that these
substrates induce on intracellular Ca2+ stores (ICaS) and [Ca2+]i in
spermatogenic cells. Our ﬁndings suggest that MTX-activated
Ca2+ channels in spermatogenic cells can be regulated by a Ca2+-
CaM-dependent protein kinase.
2. Materials and methods
2.1. Rat pachytene spermatocytes and round spermatid isolation
The testicles were obtained from adult (40–60 days old) male
Sprague-Dawley rats from the Animal Facilities of the Pontiﬁcialsevier B.V. All rights reserved.
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3112 J.G. Reyes et al. / FEBS Letters 584 (2010) 3111–3115Universidad Catolica de Chile. The rats were narcotized with CO2
and then killed by cervical dislocation, according to the guidelines
of the Ethics Committee of the Pontiﬁcia Universidad Catolica de
Valparaiso, and Pontiﬁcia Universidad Catolica de Chile, Chile. Rat
spermatogenic cell populations were isolated using velocity sedi-
mentation separation in a 2–4% BSA gradient, as described by Rom-
rell et al. [22]. The pachytene spermatocyte (82 ± 5% purity) and
round spermatid fractions (92 ± 4% purity) were identiﬁed both
by their size as well as by the typical nuclear aspect after staining
an aliquot with Hoescht 33342 [23].
2.2. Intracellular Ca2+ measurements of rat spermatogenic cells
in suspension
Cells (20  106 cells/ml) were loaded with 5 lM Fura-2 AM by
incubation for 1 h at room temperature under an O2 atmosphere.
Thereafter, the cells were washed three times in KH-lactate med-
ium (in mM, NaCl: 140; KCl: 4; MgCl2: 1.6; CaCl2: 0.5; KH2PO4:
1.6; Hepes 10; DL lactate: 10; pH 7.4; pH balanced with NaOH)
and maintained in this media unless stated otherwise. The
measurements were performed adding concentrated cells in sus-
pension (50 ll) to a temperature regulated and stirred spectroﬂu-
orimeter cuvette that contained 2.5 ml of a KH-lactate or glucose
solution in a Fluoromax 2 ﬂuorimeter (Jobin-Yvon-Spex, NJ, USA)
using a ratiometric method as described by Grynkiewicz et al.
[24]. Fura-2 calibration was performed for each cell preparation
by cell lysis with digitonin (20 lg/ml) in medium that contained
0.5 mM Ca2+(Fmax) and subsequent adjustment to a ﬁnal concentra-
tion of 5 mM EGTA (pH 7.4) (Fmin). The initial rate of MTX-induced
Ca2+ entry was estimated by linear regression of the [Ca2+]i vs time,
recorded between 30 and 200 s after addition of the toxin. The n
reported is the number of measurements performed in at least
two cell preparations with 4 testicles each (2 rats). The results
are expressed as the mean ± S.E.M.
2.3. Mn2+ entry measurements in rat round spermatids
Fura-2 loading of the cells was made as described above and
Fura-2 ﬂuorescence non-ratiometric measurements were per-
formed with excitation at 360 nm and emission at 510 nm in a Flu-
oromax 2 ﬂuorimeter (Jobin-Yvon-Spex, NJ, USA). Concentrated
cells in suspension (50 ll) were added to a temperature regulated
and stirred spectroﬂuorimeter cuvette that contained 2.5 ml of a
KH-EGTA solution (in mM, NaCl: 140; KCl: 4; MgCl2: 1.6; EGTA:
1; KH2PO4: 0.5; Hepes 10; DL lactate: 10; pH 7.4; pH balanced with
NaOH). Mn2+ entry and consequent quenching of Fura-2 was initi-
ated by adding 1.5 mM MnCl2 to the cuvette (e.g., [25]).
2.4. Chemicals
MTX was obtained from Wako Chemicals (VA, USA). Fura-2
acetoxy methyl ester was purchased from Molecular Probes
(Oregon, USA). Thapsigargin (tsg), cyclopiazonic acid (CPA), iodoac-
etate, oligomycin, antimycin, triﬂuoperazine (TFP), bisindolylmale-
imide (BIM), calmidazolium (Cmdz), salts and buffers were
obtained from Sigma–Aldrich (St. Louis, MO, USA)0 300 600 900 1200 1500
0
time (s)
Fig. 1. Differential MTX-induced Ca2+ increase in spermatogenic cells incubated in
media containing glucose or lactate. Round spermatids (A) or pachytene spermat-
ocytes (B) loaded with Fura-2 were incubated in KH-media contain 5 mM glucose
(d) or 5 mM L-lactate (s) for 10 min before the recording. Fura-2 ﬂuorescence ratio
was measured vs time, addition of 3 nMMTX (arrow) induced a strong Ca2+ inﬂux in
the presence of glucose and a very slow and small increase in the presence of L-
lactate.3. Results and discussion
3.1. Glucose and lactate regulate the activation of MTX-sensitive Ca2+
channels
It was previously reported that in mouse spermatogenic cells
MTX induces a robust Ca2+ entry in glucose containing medium
[11]. Fig. 1 shows that MTX (3 nM) also activated Ca2+ entry in ratround spermatids (A) and pachytene spermatocytes (B) incubated
in glucose containing medium. As Treviño et al. [11] demonstrated,
this Ca2+ entry was abolishedwhen external Ca2+ was chelatedwith
EGTA (not shown). Instead, in the presence of lactate, the Ca2+ entry
activated by MTX in rat spermatids is quite slow (0.08 ± 0.06 nM/s,
mean ± S.E.M.,N = 3) as compared to the initial rate ofMTX-induced
Ca2+ entry in a glucose containing medium (0.62 ± 0.18 nM/s,
mean ± S.E.M., N = 3). These values are signiﬁcantly different under
a t test with P < 0.05. As shown in Fig. 1B, similar results were ob-
served with pachytene spermatocytes. To look into this differential
response, we repeated the experiment in the presence of 1 mM
iodoacetate, an inhibitor of the glyceraldehyde 3-P dehydrogenase
(GAPDH) (e.g., [26]). In round spermatids, this treatment did not
modify signiﬁcantly the rate of MTX-induced Ca2+ entry in the pres-
ence of glucose (P > 0.5, not shown), strongly suggesting that met-
abolic events downstream of GAPDH were not critical for the
glucose-dependent conditioning of MTX-sensitive channels.
3.2. Intracellular parameters involved in modulation of MTX-sensitive
Ca2+ channels in spermatogenic cells
In pachytene spermatocytes and round spermatids glucose in-
duces a decrease in the intracellular ATP concentration, an increase
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Fig. 2. The MTX-induced Ca rise is modulated by [Ca2+]i and ATP levels. A. Round
spermatids were loaded with Fura-2 and exposed to 2 nM MTX. The initial slope of
the MTX-induced (2 nM) Ca2+ entry was calculated as described in Section 2 and
plotted against the corresponding initial [Ca2+]i obtained with different treatments.
(A) The rate of MTX-induced Ca2+ entry of cells previously incubated for 5 min with
increasing glucose concentrations (concentration (0.5–5 mM) beside the symbol4)
was incrementally stimulated. On the other hand, incubating cells in 5 mM lactate
for 5 min before MTX addition with increasing concentrations of thapsigargin (tsg)
(concentration (10–100 nM) beside the symbol s), or with CPA (2 lM j), two
SERCA ATPase inhibitors, dramatically elevated the rate of MTX-induced Ca2+ inﬂux.
(B) The rate of MTX-induced Ca2+ entry of cells incubated for 5 min with: L-lactate
(5 mM, N) was stimulated by treating them with inhibitors for the mitochondrial
ATP synthase (oligomycin, 5 lM, j) or the electron chain (antimycin 5 lM, d). The
stimulation reached similar values as those recorded in glucose (Fig. 2A).
J.G. Reyes et al. / FEBS Letters 584 (2010) 3111–3115 3113in [Ca2+]i and a decrease in pHi [17,27,28]. In contrast, lactate
maintains higher intracellular ATP concentrations and a lower
[Ca2+]i (e.g. [16,17]).
Thus, [Ca2+]i, ATP levels and pHi, are the intracellular parame-
ters modiﬁed by glucose in spermatogenic cells that could be in-
volved in the observed glucose-dependent conditioning of MTX-
sensitive channels. In order to test the participation of [Ca2+]i or
ATP levels we devised four different conditions to induce changes
in these two physiological parameters. [Ca2+]i was increased by
releasing Ca2+ from ICaS using different concentrations of (1) tsg
or (2) CPA (both inhibitors of SERCA ATPases). Alternatively,
[Ca2+]i was elevated as a consequence of reducing cell ATP levels
with (3) oligomycin (mitochondrial ATPase inhibitor) or (4) with
antimycin (mitochondrial electron chain blocker). Cells were incu-
bated for 6 min in lactate containing medium in each of the four
conditions stated above and [Ca2+]i measured; thereafter, MTX
(2 nM) was added to the cells. Fig. 2 shows the relation between
[Ca2+]i measured before the MTX addition against the initial rate
of Ca2+ rise triggered by MTX. The response to MTX was greater
when Ca2+ was released from internal stores, as tsg or CPA pre-
treatment resulted in a stronger MTx response compared to the re-
sponse in glucose containing medium (Fig. 2A). MTX excitability
strongly correlated with the [Ca2+]i level before the toxin was
added. Increasing concentrations of tsg (K½ = 44 nM for Ca2+ re-
lease from ICaS [16]), produced stronger MTX responses (Fig. 2A).
Elevating [Ca2+]i by inhibiting mitochondria either with an elec-
tron chain blocker or an ATPase inhibitor also stimulated the MTX
response, but to a lesser extent (Fig. 2B). The rates of MTX-induced
[Ca2+]i elevation in spermatogenic cells incubated in media with
increasing glucose concentrations, that decrease intracellular ATP
and correspondingly elevate [Ca2+]i, are grouped in a different area
than those treated with lactate + tsg or lactate + CPA. These ﬁnd-
ings may suggest that decreasing intracellular ATP affects the abil-
ity of [Ca2+]i to condition the MTX – activated channels in these
cells (Fig. 2A).
As glucose metabolism also induces a decrease in pHi in sper-
matids (0.9 pH units) [16,17], we added 15 mM sodium acetate
(NaAc) to spermatogenic cells to determine if a pHi decrease could
explain the glucose-dependent enhancement of the MTX-activated
Ca2+ uptake. NaAc decreased pHi by 0.7 pH units in cells with 5 mM
external L-lactate and produced a 35 ± 9 (S.E M.)% inhibition of the
MTX-induced Ca2+ entry. Even in CPA treated cells, the decrease in
pHi still inhibited 31 ± 14% of the MTX- induced Ca2+ entry (not
shown). Thus, an intracellular acidiﬁcation cannot explain the
three–sevenfold higher response to MTX of spermatogenic cells
in glucose containing media as compared to lactate containing
media. As an additional control we also added 15 mM NH4Cl to
spermatids incubated with glucose to increase pHi by 0.8 pH
units and counteract the glucose-induced pHi decrease. This treat-
ment did not produce a signiﬁcant difference in the MTX sensitiv-
ity of Ca2+ entry in spermatids in the presence of glucose (not
shown).
Ca2+-dependent phosphorylation of the MTX-sensitive Ca2+
channels could explain their Ca2+ and ATP-dependent stimulation.
To examine this hypothesis, we used BIM, a PKC inhibitor; and TFP
and Cmdz, two calmodulin (CaM) inhibitors. Ethanol, the solvent in
which these compounds were dissolved produced no effects on the
MTX-activated rate of Ca2+ entry (not shown). Fig. 3A shows that
BIM moderately but signiﬁcantly inhibited the MTX activation of
Ca2+ entry (36 ± 7% inhibition, n = 3) in cells in media containing
glucose. Interestingly, in cells suspended in lactate + tsg, to obtain
a stronger response, TFP almost completely abolished (95% inhibi-
tion) the effect of MTX on Ca2+ entry (Fig. 3B, initial rates of MTX-
induced Ca2+ entry in the absence = 1.73 ± 0.30 nM/s or pres-
ence = 0.05 ± 0.10 nM/s of TFP; n = 3, P < 0.005). In contrast, TFP
had no signiﬁcant effect on the tsg induced Ca2+ release from ICaS(initial rate: 1.63 ± 0.04 nM and 1.85 ± 0.09 nM in the absence or
presence of TFP, respectively; n = 3; magnitude: 79 ± 2 nM and
86 ± 4 nM in the absence or presence of TFP, respectively; n = 3,
P > 0.05) (Fig. 3B). The strong inhibition by TFP of MTX-induced
Ca2+ entry was also observed in round spermatids incubated in
5 mM glucose (96% inhibition, not shown). Cmdz, a different CaM
inhibitor, induced 46 ± 6% inhibition of MTX-induced Ca2+ entry
in cells incubated in lactate containing media. Higher concentra-
tions of Cmdz caused Ca2+ entry in round spermatids by them-
selves (not shown).
Similar results to those observed measuring [Ca2+]i were ob-
tained measuring Fura-2 ﬂuorescence quenching by Mn2+ entry
(a Ca2+ substitute used to measure unidirectional divalent ion in-
ﬂux) inround spermatids incubated in 5 mM L-lactate. with excita-
tion at 360 nm, the isosbestic point for Ca2+-Fura-2 ﬂuorescence
(Fig. 3C). Responses obtained exciting at 360 nm, the isosbestic
point for Ca2+-Fura-2 ﬂuorescence, are insensitive to [Ca2+]i
0 500 1000 1500 2000
0
100
200
300
400
500
round spermatids
[C
a2
+
]
i (n
M
)
time (s)
 glucose 5 mM
 glucose 5 mM-BIM
 L-lactate 5 mM
MTX 2 nM
MTX 2 nM
MTX 2 nM
0 100 200 300 400 500 600
0
100
200
300
400
500
600
700
round spermatids
tsg 300 nM
TFP 50 µM
time (s)
[C
a2
+
] i 
(n
M
)
MTX 2 nM
 TFP
 Control
0 200 400 600 800 1000
50
60
70
80
90
Mn2+
round spermatids
1
1
4
4
4
1
2
3
Additions:
1 CPA
2 TFP
3 Cmdz
4 MTX
Fu
ra
-2
 fl
uo
re
sc
en
ce
 (a
.u
)
time (s)
A B
C
Fig. 3. Phosphorylation and Ca2+/CaM events inﬂuence the glucose-dependent MTX sensitivity of Ca2+ channels in spermatogenic cells. Round spermatids were loaded with
Fura-2 and the ﬂuorescencewas recorded vs time. (A) Preincubation of cells in KH-media containing 5 mMglucose (d)with 2 lMbisindoleilmaleimide (BIM,s), a PKC inhibitor,
reduced (36 ± 7%) theMTX-induced (2 nM)Ca2+ response to values closer to those obtained in cells incubated in 5 mML-lactate containingmedia (4). (B) Cellswere incubated in
5 mM L-lactate KH-media in the presence (d) or absence (s) of 50 lM triﬂuoroperazine (TFP). To obtain a better response to 2 nMMTX, 300 nM thapsigargin (tsg) was added
earlier, as indicated. Although TFP did not alter the initial tsg response, it inhibited (95%) of the MTX-induced Ca2+ rise. (C) Cells were incubated in KH-media (without Ca2+),
supplemented with 5 mM L-lactate and 1 mM EGTA. Quenching of fura-2 ﬂuorescence (arbitrary units) after adding 1.5 mM MnCl2 was measured at the isosbestic point for
[Ca2+]i (excitation 360 nm, emission 510 nm). The rate of Ca2+ entry triggered by 0.8 nMMTXwas inhibited by 25 lMTFP and, to a lesser extent, by 2 lMcalmidazolium (Cmdz).
Cyclopiazonic acid (CPA, 2 lM) was added before MTX. Additions are indicated with numbers. The TFP record (N) was shifted 10 a.u. downward for visualization purposes.
3114 J.G. Reyes et al. / FEBS Letters 584 (2010) 3111–3115changes (Fig. 3C). These measurements gave a 45–60% inhibition of
MTX-induced Mn2+ entry by Cmdz and 95–100% inhibition by TFP
(measured as the change in the descending slope after the
addition).
CaM inhibitors like TFP and Cmdz have been suggested to also
block some Ca2+ channels at micro molar concentrations [29,30].
However, the Ca2+ dependence of the MTX-sensitive channels in
spermatogenic cells suggests the involvement of a Ca2+/CaM regu-
lated event. Furthermore, the fact that lowering intracellular ATP
decreases the Ca2+-activating response of MTX-sensitive channels,
is consistent with the notion that the CaM-dependent events
(inhibited by TFP and partially by Cmdz) may involve Ca2+/CaM ki-
nase phosphorylation of these channels or a functionally associ-
ated protein.
Our results demonstrate that glucose and lactate; two sub-
strates secreted by Sertoli cells toward the adluminal compartment
in the seminiferous tubules [18,19,21,31], can modulate the excit-
ability of MTX-sensitive Ca2+ channels in spermatocytes and sper-
matids. The results of glucose and lactate effects on MTX-sensitive
channels represent the ﬁrst evidence that these substrates canmodulate Ca2+ channel excitability in spermatogenic cells. Re-
cently, Sinkins et al. [13] described results showing that MTX acti-
vation of Ca2+ entry in cells was associated to PMCA expression and
activation, strongly suggesting that this transport protein can be
the target, or is closely associated to the target, of MTX action.
PMCA is a Ca2+-CaM-dependent transport ATPase regulated by
ser/threo phosphorylation (e.g., [32]), expressed in spermatogenic
cells [34,35]. In this context, our ﬁndings of a Ca2+ and ATP-depen-
dent modulation of MTX-activated Ca2+ entry in spermatogenic
cells can also be explained by this MTX-induced PMCA-ion channel
association or conversion hypothesis (Sinkins et al., 2009) through
the CaM activation of PMCA [33].
Our observations and the conclusions derived from them have
important implications in understanding the mechanisms of sper-
matogenic cell regulation by Sertoli cells. Glucose and lactate are
transported by Sertoli cells toward the adluminal compartment
in the seminiferous tubules [20,31]. Glucose uptake, glycolytic
activity and lactate secretion by Sertoli cells are stimulated by
FSH, b-adrenergic agonists, IL1-b and TNF-a [18–21], strongly sug-
gesting an endocrine and paracrine regulation of these metabolites
J.G. Reyes et al. / FEBS Letters 584 (2010) 3111–3115 3115in the adluminal or extracellular compartment of spermatocytes
and spermatids. Our results provide evidence that the hormonal
control of Sertoli cells and lactate/glucose availability in the adlu-
minal compartment regulate spermatogenic cell physiology and
the response of their ion channels to extra- and intracellular
stimuli.
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